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Abstract
Carbon dioxide (CO2) is produced in large quantities during electricity generation and by industrial processes and can vary in 
composition and mass flow rate, sometimes substantially. This project identified the extent of the technical challenges posed by 
CO2 stream variability on transport and storage operability and infrastructure robustness. The U.S. enhanced oil recovery
industry has shown that maintenance of CO2 stream composition standards avoids issues with impurities and that it is possible to 
adapt to variability and intermittency in CO2 supply. Such CO2 transport and injection experience represents knowledge that can 
be applied in future carbon capture and storage projects.
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1. Introduction
Carbon dioxide (CO2) is produced in large quantities during electricity generation and by industrial processes.
Each different process produces a CO2 stream having a different composition. In addition, the CO2 generation rate 
can vary substantially for at least some of the processes. For example, generation of CO2 from electric power plants 
fluctuates with power demand, which varies both on a short-term (minute-to-minute) and a longer-term (seasonal) 
basis. The impact of a varying mass flow rate on pipeline and storage operation is not fully understood in terms of 
either operability or infrastructure robustness. It is important that the magnitude of the challenges posed by variation 
of CO2 stream flow rate or composition be understood so that solutions can be offered to minimize any deleterious 
effects. 
The goal of the project was to ascertain the extent of the technical challenges posed by the transport and storage 
of CO2 from emission sources that do not produce a consistent CO2 stream in terms of composition and/or mass 
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flow rate. To meet this goal, information about CO2 transport and geologic storage was reviewed and the cost 
implications and knowledge gaps that exist relative to transport and storage of variable CO2 streams were identified. 
The information review targeted what is known about the effects of variable CO2 flow rate during pipeline transport 
of CO2 in vapor and supercritical phases as well as its storage in deep saline formations, depleted oil and gas 
reservoirs, and during enhanced oil recovery (EOR) activities.
The information review began with a literature search of publicly available information. This search provided a 
basis for understanding the various issues associated with the transport and geologic storage of variable and/or 
intermittent CO2 streams. Information was collected on the operational flexibility of existing CO2 pipelines and 
geologic storage facilities as well as modeled scenarios. Telephone interviews were conducted with experts in CO2
pipeline transport, injection, and storage to acquire real-world, anecdotal information that augmented the 
information found during the literature search. Information from both the literature survey and the telephone 
interviews was synthesized and condensed to form this overview document, which summarizes important pertinent 
information for interested stakeholders such as project developers and other decision makers.
Nomenclature
°C degree Celsius
°F degree Fahrenheit
CO2 carbon dioxide
EOR enhanced oil recovery
gal gallon
H2S hydrogen sulfide
lb pound
mm millimeter
MMcf million cubic feet
MMP minimum miscibility pressure
MPa  megapascal
MW megawatt
N2 nitrogen
O2 oxygen
pc pulverized coal
ppm parts per million
RTO regional transmission organization
SO2 sulfur dioxide
U.S. United States
2. Review of flexibility in current full-scale transport–storage scenarios
Five full-scale, commercial transport–storage scenarios were reviewed to determine the extent of information that
is available about the effects of CO2 stream variability/intermittency of current carbon capture and storage (CCS) 
projects. The five projects (Sleipner, Snøhvit, In Salah, Weyburn, and Illinois Basin–Decatur) were chosen because 
they reflect the range of CCS operations, in terms of both CO2 source and geologic storage formation type. CO2
source types that are represented are natural gas-processing facilities, a coal gasification facility, and an ethanol 
plant. Geologic storage formations represented include deep saline reservoirs, a depleted natural gas reservoir, and 
an oil field for EOR. The five projects have all experienced mass flow variability or an interruption in flow. In each 
case, pipeline and/or injection engineers were able to accommodate any issues that arose. Significant variability in 
composition has not been an issue at these five sites.
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3. Variability of CO2 sources
Capture of CO2 can be applied to a utility or an industrial process at the rate that makes the most economic sense. 
Solvent-based capture is the technology that is applied more frequently at a commercial scale and therefore is likely 
to be applied to most utilities or industrial processes during at least the first few deployments. Most solvent-based 
capture processes capture at least 90% of the CO2 they contact, and typically this value is closer to 95%. If the 
economics require a lower capture rate, some of the flue gas can bypass a smaller capture system. This might be the 
case if a contract for a certain amount of CO2 has been negotiated or if there are no regulatory drivers specifying a 
larger capture rate.
Different industrial processes and different capture technologies produce captured CO2 streams that have 
different compositions. Examples of CO2 stream compositions for electric power generation scenarios (both 
pulverized coal [pc] and integrated gas combined-cycle scenarios), cement manufacture scenarios, petroleum 
refining scenarios, a coke production scenario, and a lime manufacture scenario were reported by Porter [1]. While 
reported typical impurities for postcombustion processes are relatively low (except perhaps for water, which could 
exceed by more than twice the Kinder Morgan pipeline limit), precombustion technologies could contain up to a few 
percent hydrogen or H2S/COS and oxyfuel combustion could carry a couple of percent of oxygen and nitrogen as 
well as multiple times the Kinder Morgan water limit [1]. De Visser [2] has prepared a CO2 quality recommendation 
that was based upon the ENCAP project as well as health, safety, and operational considerations. These 
recommendations are take into account in multicomponent, cross-effect evaluations (such as between water, 
methane, H2S, and CO2). 
The variability in composition and mass flow of CO2 streams produced by typical coal-fired power plants, 
cement plants, petroleum refineries and H2 production, natural gas-processing plants, and ethanol plants were 
studied for this project. Depending upon the capture technology used, the captured CO2 streams probably would 
meet the Kinder Morgan pipeline specifications, which are given in Table 1. Cement plants do not run continuously; 
therefore, their CO2 emissions are intermittent. Refineries differ in the amount of CO2 produced per barrel of oil that 
is processed by the plant overall as well as in the relative amounts produced by similar processing units across 
plants. Natural gas-processing plants do not produce the same amount of CO2 each day when it is separated from 
raw natural gas. Ethanol production (and therefore CO2 emission) varies according to driving habits (which affects 
the demand for the finished product) as well as the price of the material used in ethanol production (e.g., corn). 
Power production (and therefore CO2 emission) varies both daily and seasonally. This can be seen in Figure 1, 
which is a plot of the system load on the PJM Interconnection during 2012. The PJM Interconnection is a RTO in 
the United States that coordinates the movement of wholesale electricity and manages the high-voltage electricity 
grid to ensure reliability for consumers in 13 northeastern U.S. states and the District of Columbia. The emission of 
CO2 is directly proportional to the production of electricity. It is not possible to assign exact CO2 emission values to 
this plot because it represents the power produced by hundreds of power plants, not all of which use the same fuel or 
produce CO2 at the same rate.
4. Operational flexibility of CO2 pipelines
4.1. Variability in CO2 stream composition
Modeling results have indicated that the presence of certain impurities/quantities of impurities may cause 
problems with maintenance of single-phase flow within the CO2 pipeline. Seevam and others [4] note that the 
presence of impurities changes the physical and transport properties of CO2 by changing the critical temperature and 
pressure of the CO2 stream, i.e., the conditions above which the stream must be maintained to remain in single-
phase flow. Changes can also occur in the CO2 stream hydraulics, which affects, therefore, the number of 
compressors and the power required for compression. Depending on their type and concentration, impurities can 
change other aspects of the pipeline such as fracture propagation, corrosion, nonmetallic component deterioration, 
the formation of hydrates and clathrates and even the capacity of the pipeline itself. While CO2 can be transported in 
a vapor phase, it is likely that the economics of most CCS projects will require that CO2 be transported in its 
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Table 1. Kinder Morgan Specifications for Pipeline Transport of Carbon Dioxide [3] 
Species Specification Reason
CO2 95 mol% Minimum MMPa
N2 4 mol% Maximum MMP
Hydrocarbonsb 5 mol% Maximum MMP
Waterc 30 lb/MMcf (600 ppm by weight) Maximum Corrosion
O2 10 ppm by weight Maximum Corrosion
H2S 10–200 ppm by weight Maximum Safety
Total Sulfur 35 ppm by weight Maximum Health and safety
Glycold 0.3 gal/MMcf Maximum Operations
Temperature 120°F Maximum Pipeline coating
a Minimum miscibility pressure.
b In addition, the dew point of the CO2 stream (with respect to hydrocarbons) must be less than –29°C (–20°F). 
c No free water; these values are for water in the vapor phase.
d At no time may the glycol be present in a liquid state at the pressure and temperature conditions of the pipeline.
Fig. 1. Variation in the system load (and therefore, the emission of CO2) of the PJM Interconnection Regional Transmission Organization (RTO) 
in the United States during 2012.
VXSHUFULWLFDO LH GHQVH phase because vapor-phase transport would require considerably larger diameter
pipelines for the same mass flow rate [5] and would experience high pressure drops [4]. Vapor-phase transport 
is not used for pipelines that carry significant quantities of CO2 and would require compression to overcome 
reservoir pressures if applied to geologic storage. Compression and transport of CO2 for EOR purposes in the 
United States has shown that impurities are not likely to cause transport problems if CO2 stream composition 
standards (such as those developed by Kinder Morgan) are maintained and pressures are kept significantly over 
the critical point of CO2 (i.e., kept at 10.3 MPa or higher).
The impurity with the most significant effect on transport and injection of CO2 is water. CO2 readily dissolves in 
water to form carbonic acid, which can corrode a pipeline at a rate of 1–2 mm within 2 weeks [5]. Depending on its 
temperature, supercritical CO2 can store several hundred ppm of water, which may form hydrates that can cause ice 
plugs that clog the pipeline [5]. Hydrate formation is dependent on the pressure, temperature, and water content of 
the CO2 [5].
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4.2. Variation or intermittency of mass flow of CO2
Clearly, variations in the temperature and pressure within a CO2 pipeline caused by variability in mass flow rate 
can have a substantial effect on corrosion and hydrate formation. Variability in mass flow rate can also cause issues 
with CO2 pipeline operation that are exacerbated by temperature, pressure, and topography effects. Changes in mass 
flow rate can make it more difficult to maintain the temperature and pressure of the CO2 stream within the designed 
pipeline operating conditions. However, CO2 pipeline pressure control systems can be (and are) designed and 
operated in a manner that ensures maintenance of the operating conditions [6]. When the topography changes 
significantly over the course of the pipeline route (such as up and down mountains and valleys), the CO2 pressure 
can change, potentially forming two-phase flow, with the supercritical phase pooling in the low spots. Two-phase 
flow lowers the bulk density of the fluid, which is very problematic for compressors and other transport equipment 
and adds to the cost to transport the CO2. Two-phase flow seems to be more likely to occur when the pipeline is 
oversized relative to the amount of CO2 that is transported. 
Procedures for pipeline fill, start-up, and shutdown were reviewed. In general, a CO2 pipeline is first filled with 
dry N2 or dry air, followed by the introduction of dry CO2. Sometimes, a pipeline pig is mounted in the pipeline to 
provide physical separation between the air/N2 and the CO2 [7]. In other cases, the N2 can be displaced section-by-
section using either purchased liquid CO2 followed by CO2 from the compressors or simply by dry CO2 from the 
compressors. Shutdowns can be either planned or unplanned. When planned, the pipeline may be pressurized and 
heated with less CO2 and the compressor discharge valve closed. The pipeline is emptied into the well(s) as long as 
positive flow can be maintained. When the pressure in the well(s) nears that of the pipeline, the valve is shut to 
prevent backflow from the well into the pipeline [7]. Alternatively, the compressors may be shut down and the 
valves at both ends of the pipeline closed to maintain pipeline pressure for as long as possible. If the shutdown is 
unplanned, the compressor discharge valve is closed to protect the contents of the pipeline and the pipeline emptied 
as for a planned shutdown. If the shutdown is quick and the valves are left open, modeling indicates that pressure 
waves would be generated in each isolated pipe section and that two-phase flow would be likely [8].
Complete depressurization of a pipeline carrying supercritical CO2 can result in the deposit of a significant 
portion of the CO2 as a solid at low points in the pipeline [5]. The very low temperature of solid CO2 can cause 
metallurgical damage such as embrittlement or rupture [9]. If the solid is warmed too rapidly, it is possible to 
overpressurize the pipeline because of the rapid increase in volume as the solid sublimes to the vapor phase [5]. The 
presence of impurities makes it more difficult to model the conditions needed for safe depressurization.
4.3. Health, safety, and environmental considerations 
Modeling/simulation and risk assessments that were researched provide little basis for understanding or 
accurately forecasting the specific effects of variable flow rates on pipeline health, safety, and environmental 
performance. However, safe operation of CO2 pipelines begins with a design basis for the pipeline that establishes 
source compositions and conditions with an appropriate safety margin. Most (if not all) CO2 pipelines in existence 
in North America are overdesigned for their current application; i.e., they are designed for higher flow rates and 
operating pressures.
4.4. CO2 flow management in pipelines
Both temporary storage and CO2 pipeline networks and hubs can be useful ways to control the flow in a pipeline 
or set of pipelines to minimize compositional and/or mass flow rate variations. Temporary storage can consist of 
fabricated or geologic storage or pipeline packing (varying the pipeline pressure to “pack” CO2 into the pipeline, 
which has, in essence, become a storage vessel). Networks can consist of a dedicated pipeline linking a single source 
to a single geologic sink, few sources to few sinks, few large sources to many smaller sinks, many smaller sources to 
few larger sinks, and many sources to many sinks. Dedicated pipelines have more leeway in terms of impurities 
because only one sink’s requirements must be satisfied rather than having to meet a set of common guidelines that
fulfill the most stringent requirements of one of several storage sinks. The “many sources” approaches offer the 
most options to control the flow in a pipeline system, especially when the sources are of various types. When some 
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of the sources are down for routine maintenance, it is likely that others will still be producing CO2. Many sources 
can also provide an averaging effect for the CO2 stream composition, provided that all sources meet a minimum 
quality standard.
5. Operational flexibility in CO2 storage
5.1. Variability in CO2 stream composition
Impurities in a CO2 stream may impact geologic storage, although this is likely to be reservoir-specific and 
depend on the mineralogical and fluid compositions and the type and amount of impurity. The impacts can vary 
from slight dissolution that creates microvoids to mineralization that fills the pore space [10]. Impurities in a CO2
stream may reduce the density of the gas stream, which would lead to a drop in the total storage capacity of a 
reservoir. The formation of stronger acids because of the presence of water and SO2 or H2S can reduce the pH of the 
formation water, forming a highly acidified zone in which rapid mineral dissolution of carbonate and silicate 
minerals may actually increase the porosity. However, at the edge of the injection zone, the increase in pH would 
result in the precipitation of secondary minerals, which can reduce the porosity and, potentially, the formation 
permeability.
5.2. Variability or intermittency of CO2 flow 
The impact of variable or intermittent flow of CO2 on geologic storage was also studied. Intermittent CO2 flow 
to an injection site such as for EOR could result in an inconsistency in CO2 phase behavior within the pipeline 
system. The maintenance of supercritical-phase CO2 in the pipeline is often a condition of a CO2 purchase contract 
and maintaining supercritical-phase CO2 in the pipeline may require that injection wells be shut in (i.e., operation 
stopped). Shutting in injection wells outside the parameters of the designed injection scheme at an EOR field can 
result in deleterious changes in reservoir pressure and oil miscibility that can cause attendant drops in oil production. 
In some instances, this type of unplanned change in reservoir pressure can result in geochemical reactions (such as 
precipitation of minerals or asphaltenes) or change the fluid saturation properties (e.g., imbibition of water) of the 
rock. These phenomena can have long-term impacts on key reservoir characteristics such as injectivity and relative 
permeability. Fortunately, both the literature and the interviews indicate that, as long as plans for intermittency are 
made in the early stages of a project, steps can be taken to manage and mitigate the impacts. 
Interviewed experts noted that cyclic, or otherwise intermittent, CO2 supplies have historically been a nonfactor 
with respect to impacts on in-field distribution pipeline networks, wellbore integrity, or reservoir conditions. CO2
EOR projects are generally designed with a safety factor on both pressure and capacity that is significantly above 
operation pressure. They are also designed and built to allow for expansion and additional CO2 capacity. EOR 
operations always include recycling of CO2. Recycled CO2 can be (and often is) managed in such a way as to 
mitigate the effects of intermittency in the primary CO2 source pipeline. Less recycle CO2 is available when an 
EOR project first begins; therefore, more CO2 is needed from the source pipeline. Intermittency of supply would be 
of more concern at that time.
At first glance, this may suggest that CCS operations in saline formations would be more prone to suffer 
consequences from intermittent supplies. However, there are two factors that suggest that this may not be the case. 
First, storage in saline formations at many locations may require the use of water production wells to control CO2
plume geometry and pressure front movement, in which case solutions developed for the EOR industry that include 
the use of recycled CO2 to mitigate supply intermittency will likely apply. Secondly, because of their lack of 
hydrocarbons, and therefore lack of historical fluid withdrawal as part of production operations, saline formation 
reservoirs are likely to exhibit initial reservoir pressures that are higher than those in oil and gas reservoirs. Once 
established and operating, a project can be more adaptive. Operators historically have proven to be able to adapt to 
variability.
With respect to wellbore integrity, fatigue and corrosion are considered to be the most likely effects of 
intermittent flow. This is particularly true in wells that see the injection of mixed-gas streams (e.g., CO2 and H2S) 
because changes in the pressure of the gas column in the wellbore caused by stopping injection can result in 
 Melanie D. Jensen et al. /  Energy Procedia  63 ( 2014 )  2715 – 2722 2721
deleterious phase behavior, including segregation of the component gases. This can lead to issues when injection is 
started up again, including fatigue and corrosion of wellbore materials. The Joule–Thomson effect caused by 
pressure drop can also be extreme, leading to freeze-up of valves and joints. Using standard oil and gas engineering 
protocols, the potential for intermittency is factored into the development of the operating conditions. Contingency 
plans are developed accordingly and implemented if necessary.
Variable or intermittent CO2 supplies can diminish injectivity or damage project infrastructure through pressure 
and temperature changes. According to the literature, hydrate formation and salt precipitation have the greatest
impact. Gas hydrates are cagelike, crystalline lattices of water (clathrates) that contain methane. Hydrate formation 
may be the most dramatic consequence of flow interruption as it can cause both diminished injectivity and rapid 
corrosion. Fortunately, hydrate formation is reasonably predictable given an understanding of the pressure and 
temperature regimes existing in the system as well as the water fraction of the injectate stream. Hydrate formation is 
also generally preventable using multistage compression and knockout systems as well as inclusion of monoethylene 
glycol into the stream.
Salt precipitation (and perhaps asphaltenes, paraffins, and calcite precipitation) could feasibly be exacerbated by 
intermittent dry CO2 flow, if the pressure regime is favorable. Prior knowledge of the reservoir characteristics and 
injectate composition can be applied using standard engineering principles to design and operate injection schemes 
that minimize the negative effects of CO2 supply intermittency.
There has been concern regarding possible linkage between variability in CO2 flow rate and induced seismicity. 
The open literature suggests that a variety of factors related to CO2 injection might contribute to increased 
seismicity, although studies appear to agree that the current state of knowledge has limited ability to predict 
seismicity. It appears that unless variability produces excessive rates, pressures, volumes, or other conditions, the 
effect of CO2 variability upon seismicity is too subtle for the current state of knowledge to identify or predict.
6. Knowledge gaps
While researching the effects of variability of CO2 stream on transport, injection, and storage during CCS 
activities, a number of gaps in knowledge were identified, including models that predict CO2 behavior and heat-
transfer characteristics over a wider range of compositions and conditions; experimental data to validate the models; 
and models that can accurately predict multiphase properties, hydrate formation, metal crack propagation behavior, 
atmospheric dispersion, and wave propagation behavior. These knowledge gaps offer an opportunity for future 
research and development. A better understanding of the thermodynamic behavior of CO2 containing impurities 
under conditions ranging from “typical” to transient will allow wide-scale deployment of CCS.
7. Conclusion
It is unlikely that CO2 streams that have been captured from power plants or industrial processes will be constant 
in mass flow rate or free of impurities. Pipeline networks with multiple sources and/or sinks as well as pipeline 
packing could smooth variation in composition and/or mass flow rate of CO2 streams. The almost inevitable 
changes in pressure within pipelines, wells, and equipment that are likely to accompany variability or interruptions 
in flow have the potential to cause unintended multiphase flow and unanticipated corrosion properties. However, the 
EOR industry in the United States has proven that it is possible to adapt to variability and intermittency in CO2
supply. EOR in the United States has also shown that impurities are not likely to cause transport or injection 
problems if CO2 stream composition standards (such as those developed by Kinder Morgan) are maintained and 
pressures are kept significantly over the critical point of CO2 (e.g., 10.3 MPa or higher). The use of multiple wells is 
crucial to successful injection at a storage site, particularly for pressure control, for water disposal, to reduce project 
liability, and to enable the operator to adapt to variability in CO2 supply. Such CO2 transport and injection 
experience represents knowledge that can be applied in future CCS projects.
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